1. Introduction {#sec1}
===============

Nature utilizes a wide variety of metalloprotein active sites to perform an array of biological processes, ranging from electron transfer to catalysis. Perhaps the most complex biological cofactors are those found in the nitrogenase family of enzymes. Mo-, V-, and Fe-dependent nitrogenase enzymes are known, all of which contain complex iron−sulfur active sites for the reduction of N~2~ to ammonia.^[@ref1]−[@ref3]^ The best studied are the MoFe~7~S~9~C (FeMoco) and VFe~7~S~9~C (FeVco) cofactors of these enzymes, which both contain an unusual central carbon atom^[@ref4],[@ref5]^ and possess an *S* = 3/2 ground state in their resting forms.^[@ref6],[@ref7]^ However, despite countless studies to detail the atomic composition and active site structure of these enzymes, the exact electronic structure and in particular the details of the magnetic coupling remain open questions.^[@ref4],[@ref5],[@ref8]−[@ref18]^ With the aim to obtain a more detailed understanding of the complex electronic structure of these enigmatic cofactors, our research group has been motivated to develop and apply novel spectroscopic approaches to this enzyme family. This has included both valence to core X-ray emission spectroscopy (VtC XES) and high energy resolution fluorescence detected X-ray absorption spectroscopy (HERFD XAS). VtC XES and HERFD XAS have provided increased ligand selectivity and greater metal oxidation state sensitivity, respectively.^[@ref4],[@ref5],[@ref9],[@ref13],[@ref19]^ However, these methods do not provide detailed information on the magnetic coupling within these clusters. It is here that X-ray magnetic circular dichroism (XMCD) may provide an attractive experimental means to obtain more detailed electronic structural insights into complex metal clusters.

XMCD measurements for first row transition metals are typically performed at the metal L-edge, which corresponds to a dipole-allowed 2p → 3d transition. The L-edge is split into the L~3~ and L~2~ edges, as a result of spin--orbit coupling due to the 2p core hole. Due to the longer core hole lifetimes at these energies, the intrinsic spectral resolution is higher than that observed at the corresponding metal K-edge XAS. Additionally in XMCD measurements, polarized X-rays are utilized. The right (CR) and left circularly (CL) polarized photons transfer the opposite angular momenta to the excited photoelectron. Since the L~3~ (L + S) and L~2~ (L -- S) edges have opposite spin--orbit coupling, the spin polarization and the absorption properties for CR and CL are also opposite. This results in preferential absorption of spin-down and spin-up electrons at the L~3~ and L~2~ edges, respectively. The resultant XMCD spectrum is a subtraction of the L-edge data at two different polarizations and hence affords information about the majority/minority of the spins based inter alia on the sign of the final spectrum.^[@ref20],[@ref21]^

Although XMCD has been widely applied in solid state physics to numerous magnetic systems^[@ref22]−[@ref30]^ or multimetallic thin layers,^[@ref31]−[@ref37]^ there are relatively limited applications of this technique to molecular systems reported in the literature.^[@ref38]−[@ref56]^ In the 1990s Cramer and co-workers pioneered the application of XMCD to both molecular model complexes and protein active sites (including FeMoco). Later van Elp et al. built upon the work of Cramer and co-workers by incorporating zero-field splitting parameters in the XMCD analysis.^[@ref57],[@ref58]^ However, despite the progress made in these early studies of molecular and bioinorganic systems there are, to our knowledge, no reported applications of XMCD to bioinorganic systems since 2007. In our view, this may be attributed to an incomplete understanding of the information content of these spectra as it relates to the electronic structure of molecular systems.

To this end, and with the broader goal of applying XMCD to iron--sulfur proteins (including nitrogenase), we have undertaken a systematic study of 10 small molecular iron complexes of increasing complexity. Fe L~2,3~-edge XAS and XMCD data have been obtained for ferrous and ferric tetrachlorides (\[FeCl~4~\]^−/2--^), ferrous and ferric tetrathiolates (\[Fe(SR)~4~\]^−/2--^), diferric and mixed-valent iron--sulfur dimers \[Fe~2~S~2~R~4~\]^2--/3--^, and heterometal--iron--sulfur tetramers \[MFe~3~S~4~\]^3+/2+^ (where M = Mo, V), as summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The heterometal--iron--sulfur cubanes have been shown previously to be good electronic structural analogues for half of the FeMoco and FeVco active sites of nitrogenase.^[@ref8],[@ref9],[@ref59]−[@ref63]^ Across this series, the changes in L~2,3~-edge energy and intensity, as well as the XMCD energies and intensities, are assessed as a function of metal oxidation state, metal--ligand covalency, and spin state. Through correlation of the experimental data to atomic multiplet calculations further insight into the observed experimental trends are made. The advantages of XMCD relative to standard XAS measurements are highlighted. The results of this study form the foundation for the application of XMCD to more complex systems such as the FeMo and FeV cofactors of nitrogenase.

###### Schematic View and Spin Ground State Information for the Iron Complexes Described in This Work

![](ic-2017-00852y_0009){#fx1}

Abbreviations: Et~4~N, tetraethylammonium; SDur (durenethiolate), 2,3,5,6-tetramethylbenzenethiolate; SPh, benzenethiolate.

Abbreviation: L , bis(benzimidazolato).

Abbreviations: Tp, tris(pyrazolyl)borate; DMF, *N*,*N*-dimethylformamide; Me~4~N, tetramethylammonium.

2. Materials and Methods {#sec2}
========================

2.1. Sample Preparation {#sec2.1}
-----------------------

All samples ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) were synthesized according to published procedures^[@ref59],[@ref63]−[@ref71]^ and were utilized as powders, which were finely ground using a mortar and pestle. \[Fe^III^Cl~4~\](Et~4~N) was purchased from Sigma-Aldrich and used without further purification ([www.sigmaaldrich.com](www.sigmaaldrich.com)). \[Fe^II^(SPh)~4~\](Et~4~N)~2~ was prepared by salt metathesis using (Et~4~N)~2~\[FeCl~4~\] and NaSPh via a procedure analogous to that for the synthesis of (Et~4~N)~2~\[Fe(SEt)~4~\] as reported in ref ([@ref70]). The light green crystalline product was isolated directly from the filtered reaction solution by volume reduction, recrystallized by MeCN/Et~2~O diffusion, and characterized by comparison with reported spectroscopic properties (see ref ([@ref66])). All sample preparation was done in an inert N~2~ atmosphere glovebox attached directly to the beamline ultra-high vacuum (UHV) chamber system. The ground samples were spread on carbon tape, attached to copper sample holders, and introduced directly from the glovebox into the system of beamline vacuum chambers.

2.2. Data Collection and Processing {#sec2.2}
-----------------------------------

Iron L~2,3~-edge X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) measurements were carried out at the DEIMOS beamline at the SOLEIL synchrotron facility (France). SOLEIL is a 2.75 GeV ring operating in a top-up mode with a 450 mA electron current. The DEIMOS beamline uses an APPLE II undulator as a polarized light source and a plane grating monochromator (PGM) equipped with a variable groove depth grating (VGD) optimized for 350--2500 eV energy range. The end station consists of a superconducting magnet equipped with a variable-temperature insert (VTI), allowing high magnetic field and low temperature measurements.^[@ref72],[@ref73]^

All measurements were performed at a temperature of 4 K within an ultrahigh vacuum environment (∼10^--10^ mbar). The L~2,3~-edge data for the XAS spectra were obtained at 0 T magnetic field, while the L~2,3~-edge data used to obtain the XMCD spectra were obtained at ±6 T, to maximize the XMCD intensity. The required magnetic field was estimated on the basis of obtained magnetic hysteresis loops. For most of the compounds full magnetization was achieved at ∼4.5 T. The applied magnetic field and temperature parameters are consistent with those previously used to study XMCD on paramagnetic samples.^[@ref47],[@ref50],[@ref52],[@ref74]^ The signal from the sample was detected in total electron yield (TEY) mode using a drain current detector, while the incoming X-rays were monitored by a photocurrent of a gold grid with 25% transmission reference monitor. A beam spot size of 800 × 800 μm^2^ on the sample was used. The spectra were monitored for any changes due to radiation-induced damages during the measurements. For all of the compounds no changes in the signal due to radiation damage were observed for at least seven spectra obtained at the same sample spot. This allowed us to measure sets with three polarization changes (3 × CR/CL) at every fresh spot of the sample. This beamline was previously shown to be well optimized for radiation-sensitive samples.^[@ref75]^

The Fe L~2,3~-edge XAS spectra were obtained by averaging the spectra obtained with circularly polarized right (CR) and circularly polarized left (CL) light at 0 T magnetic field. In the case of the monomers and dimers, 12 scans were averaged (6CR and 6CL). However, for \[L~2~Fe~2~S~2~\]^*n*^ (*n* = 2--, 3--; see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) only 6 scans (3CR and 3CL) were averaged for each compound. For the tetranuclear systems, 18 scans (9CR and 9CL) were averaged for each heterometal--iron cubane. The background subtraction and normalization of the spectra were performed using BlueprintXAS ver. 2.7.7 software.^[@ref76]^ Shallow second-order polynomials were subtracted in the 690--702 eV energy range before the L~3~-edge region and in the 725--740 eV energy range in the post L~2~-edge region. The spectra were normalized according to an edge-jump procedure, setting the L~3~ pre-edge region to 0 and the postedge L~2~ region to 1, as shown in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00852/suppl_file/ic7b00852_si_001.pdf) in the Supporting Information. The reliability of this procedure was verified for all the data by processing all single spectra and averaged spectra obtained for a particular compound. The energy reproducibility is within 0.02 eV, and the errors in intensity are estimated at less than 1%. This is also illustrated in [Figures S8 and S9](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00852/suppl_file/ic7b00852_si_001.pdf) in the Supporting Information. The energy of the incoming X-ray beam was calibrated on the basis of the spectrum of K~3~\[Fe(CN)~6~\], setting the energies of the first sharp feature of the L~3~ edge to 705.8 eV and the first feature of the L~2~ edge to 722.5 eV.^[@ref77]^ The energy positions of the features in the XAS spectra were determined on the basis of the second-derivative spectra.

XMCD spectra were obtained as a difference between the spectra obtained with right circularly polarized X-rays (CR) and left circularly polarized X-rays (CL), both with nearly 100% polarization rate, at ±6 T. The signal was additionally corrected by subtracting the 0 T magnetic field spectrum (obtained by subtracting circular right and circular left L-edge data obtained with no applied magnetic field). Overall the process for extracting the XMCD spectra is described by [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.

The circularly left-polarized photons carry angular momentum, which excites a primary fraction of spin-down electrons, while the circularly right-polarized photons carry the opposite momentum, exciting a greater fraction of spin-up electrons. The energy positions for all XMCD features are based on the peak maxima, and a complete list of all peak positions is provided in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00852/suppl_file/ic7b00852_si_001.pdf) in the Supporting Information. The presented L~2,3~-edge XAS spectra used to obtain XMCD spectra were detected by changing the polarization of photons for both ±6 T magnetic fields. This approach gave 6CR and 6CL spectra for each ±6 T magnetic field for the mononuclear and dinuclear systems; however, only 3CR and 3CL spectra were obtained for each magnetic field for the \[L~2~Fe~2~S~2~\]^*n*^ (*n* = 2--, 3−) complexes and 12CR and 12CL spectra for each magnetic field in the case of the tetranuclear clusters.

2.3. XAS and XMCD Multiplet Calculations {#sec2.3}
----------------------------------------

Crystal field multiplet calculations were carried out using the theoretical developments of Thole, Cowan, and Butler,^[@ref78]−[@ref83]^ as implemented within the CTM4XAS code (version 5.5) developed by de Groot and co-workers.^[@ref84]^ Fe L~2,3~-edge XAS and XMCD spectra were calculated in *T*~*d*~ symmetry with the exchange field *B* (corresponding to physical application of the magnetic field) set to 100 meV. In order to reproduce the full shape of the experimental spectra, a Lorentzian broadening of 0.2 eV and a Gaussian broadening of 0.3 eV was used. An energy shift of 2.39 eV was applied in order to align the calculated spectra to experiment. More details about the parameters of the simulations are provided in [sections 3.2](#sec3.2){ref-type="other"} and [3.4](#sec3.4){ref-type="other"}.

3. Results {#sec3}
==========

3.1. Experimental L~2,3~-Edge XAS and XMCD for the Tetrachloride Compounds {#sec3.1}
--------------------------------------------------------------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A shows the normalized L~2,3~-edge XAS spectra for the ferrous and ferric tetrachloride complexes. The maximum of the L~3~-edge is 1.2 eV higher in energy for the more oxidized complex (\[Fe^III^Cl~4~\]^−^), which is consistent with a 1 unit change in oxidation state.^[@ref85]^ In addition, the intensity of the L~3~-edge decreases for the \[Fe^III^Cl~4~\]^−^ complex relative to the \[Fe^II^Cl~4~\]^2--^ complex. In a simple picture, the L-edge intensity should increase as the number of d holes increases, implying that a ferric complex should have greater L-edge intensity than an analogous ferrous complex. However, the L-edge intensity is also modulated by increasing metal--ligand covalency, which delocalizes Fe 3d character onto the ligands and decreases the intensity of the 2p to 3d transition. The present observation thus appears to reflect that the increase in covalency upon oxidation dominates the observed spectral intensity. We note that the L~2,3~-edge XAS spectra of both \[Fe^III^Cl~4~\]^−^ and \[Fe^II^Cl~4~\]^2--^ were previously reported,^[@ref86]^ indicating an ∼2 eV energy difference between the maximum of the L~3~-edge spectral features for these complexes, which seems to be inconsistent with our results. However, our data agree with the published Fe K-edge XAS spectroscopic data by the group of Solomon, showing a similar energy shift for these complexes on the basis of the changes in Fe 3d manifold.^[@ref87]^

![(A) Experimental Fe L~2,3~-edge X-ray absorption spectra of \[Fe^III^Cl~4~\]^−^ (red) and \[Fe^II^Cl~4~\]^2--^ (black) complexes. (B, C) Experimental Fe L~2,3~-edge X-ray absorption spectra at 6 T magnetic field with circularly right (solid line) and circularly left (dashed line) polarized light for \[Fe^III^Cl~4~\]^−^ (red, B) and \[Fe^II^Cl~4~\]^2--^ (black, C) complexes. (D) Experimental Fe XMCD spectra of \[Fe^III^Cl~4~\]^−^ (red) and \[Fe^II^Cl~4~\]^2--^ (black) complexes. The blue arrow in (A) indicates the shift between the maxima of the L~3~-edge peaks for these complexes.](ic-2017-00852y_0001){#fig1}

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B,C shows the normalized L~2,3~-edge XAS spectra for both X-ray polarizations for the tetrachloride complexes. Here it is of interest to note that for the \[Fe^III^Cl~4~\]^−^ spectra the dominant L~3~-edge intensity is in the CL polarization, consistent with the fact that for a high-spin d^5^ ground state only β transitions are allowed, if one assumes conservation of spin. In contrast, for the CR polarization, in which α excitations are preferred with a greater probability, the allowed L~3~-edge intensity decreases significantly. Moreover, the fact that the L~3~-edge maximum in the CR spectrum is at higher energy than the L~3~ maximum in the CL spectrum is consistent with spin-flip transitions requiring more energy. At the L~2~-edge where sextet and quartet contributions to the final state are likely to be more equal, the differences between the two polarizations are diminished.^[@ref88]^ The differences in the CR and CL absorption result in an intense negative L~3~-edge XMCD signal ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D) for the high-spin ferric compound and a weak positive L~2~-edge XMCD signal, reflecting the opposite sign of the spin--orbit coupling parameter at the two edges. Further, we note that the ∼714 eV feature in \[Fe^III^Cl~4~\]^−^ which is typically associated with a ligand to metal charge transfer^[@ref86]^ event occurs only in the CL absorption spectrum, suggesting that no spin-flip is involved in the charge transfer process (i.e., a ligand β electron is transferred to a β hole on the metal).

![(A) Calculated Fe L~2,3~-edge X-ray absorption spectra of Fe^3+^ (red) and Fe^2+^ (black) systems. (B, C) Calculated Fe L~2,3~-edge X-ray absorption spectra with circularly right (solid line) and circularly left (dashed line) polarized light for Fe^3+^ (red, B) and Fe^2+^ (black, C) systems. (D) Calculated Fe XMCD spectra of Fe^3+^ (red) and Fe^2+^ (black) complex systems. The blue arrow in (A) indicates the shift between the maxima of the L~3~-edge peaks for the calculated spectra.](ic-2017-00852y_0002){#fig2}

At this point, it is perhaps instructive to note that the XMCD spectra of low-spin ferric complexes are notably different than the high-spin species presented above. As an example the XMCD of *S* = 1/2 ferricyanide is provided in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00852/suppl_file/ic7b00852_si_001.pdf) in the Supporting Information. Here one observes that the CL and CR spectra are very similar to each other. This is due to the fact that both α and β transitions into the e~g~ set of orbitals are equally allowed. This results in a decrease in the XMCD intensity, reflecting an *S* = 1/2 ground state. In our view, such correlations are helpful in establishing a more intuitive picture of these complex spectra.

The differences discussed above also allow us to establish some intuition for how the spectra of *S*~0~ = 2 \[Fe^II^Cl~4~\]^2--^ should change relative to the ferric counterpart discussed above. Namely, in a simple picture, we expect that the reduced total spin should be manifested in reduced XMCD intensity. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D, this is clearly what is observed. The differences between CR and CL polarizations are greatly reduced ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C), resulting in an overall decrease in the XMCD intensity, consistent with the reduction in spin ground state from *S*~0~ = 5/2 to *S*~0~ = 2. Further, we note that in the ferrous case there is effectively no XMCD signal observable at the L~2~-edge, suggesting roughly equal contribution of spin-allowed and spin-flip contributions and hence no net preference on either the CR or CL absorption channel. In general, we note that the weaker and broader L~2~-edge XMCD signals observed for both the ferric and ferrous species may be further attributed to the additional Coster--Kronig/Auger decay processes that are possible at the L~2~-edge. In the high-spin ferrous case, both the reduced XMCD intensity at the L~3~-edge and the very weak L~2~-edge XMCD feature seem to be general features which are apparent in all ferrous models in the present study, as well as in previously published data.^[@ref46],[@ref53]^ We note that in the case of a low-spin *S* = 0 ferrous complex, there is no mechanism for XMCD intensity, as the α and β excitation channels will fully cancel each other.

3.2. Multiplet Simulations of Fe L~2,3~-Edge XAS and XMCD for the Monomeric Ferrous and Ferric Tetrachloride {#sec3.2}
------------------------------------------------------------------------------------------------------------

In order to obtain a deeper understanding of the observed differences in the XMCD spectra of ferrous and ferric tetrachlorides, it is useful to simulate the experimental spectra using multiplet calculations. For simplicity, crystal field parameters were chosen on the basis of optical spectroscopy. In the first set of calculations we included only the ligand field splitting of the d-orbitals (10*Dq*) without any additional parameters.^[@ref67],[@ref86],[@ref89]^

In the next step metal--ligand covalency was introduced through the systematic inclusion of charge transfer parameters. The explored parameters included Δ, which refers to the energy separation between the ground state electron configuration and the ligand to metal charge transfer (LMCT) excited state before configuration interaction, and the interaction matrix element *T* (hopping integral) for both the t~2~ and e set of d orbitals *T*(e) and *T*(t~2~). We note that changing the parameter Δ does not change either the L-edge XAS or the XMCD simulated data in a significant way ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00852/suppl_file/ic7b00852_si_001.pdf) in the Supporting Information). The calculated spectra shown here correspond to a Δ = 2 eV, which is the same value previously utilized to simulate the Fe L~2,3~-edge XAS spectra of iron tetrachloride complexes.^[@ref86]^ Modifying the hopping parameters *T* yielded larger changes in the calculated spectra. As shown in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00852/suppl_file/ic7b00852_si_001.pdf) in the Supporting Information, when the hopping parameters are set to 0, both the Fe L-edge and XMCD intensities are much greater. By allowing for reasonable interaction matrix element values, however, the intensities of the L-edge and XMCD signals decrease by a factor of ∼5. However, interestingly, smaller systematic variations in the *T* values result in only minor modulations in spectral intensities. Further, we note that excluding the charge transfer parameters shifts the energy of the features in the spectra by about 0.5 eV toward lower energy. This clearly shows that the presence of charge transfer can dramatically modulate the spectra. However, the small observed differences with different *T* and Δ values suggest that quantitative differences due to changes in metal--ligand covalency may be more difficult to capture. This point is explored in greater detail in [section [3.4](#sec3.4){ref-type="other"}](#sec3.4){ref-type="other"}.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the calculated spectra using an optimized parameter set ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}) which includes charge transfer. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A, the increase in the L~3~-edge energy upon oxidation is well modeled within a simple multiplet approach. However, the intensity of the L-edge XAS spectra is reversed relative to experiment. As discussed above, competing contributions due to changes in oxidation state and covalency complicate a simple evaluation of the intensities. Better agreement with experiment could be obtained by further scaling of the Slater--Condon--Shortley integrals in the ferric case (see [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00852/suppl_file/ic7b00852_si_001.pdf) in the Supporting Information). However, for simplicity, we have chosen to simply present the calculated spectra with the same Slater--Condon--Shortly integrals, as the XMCD spectra are generally well reproduced regardless. The exception is that in the ferric case, where the calculation predicts a weak positive feature at ∼710 eV, which is absent in experiment. However, by uniformly decreasing the Slater--Condon--Shortley integrals, as shown in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00852/suppl_file/ic7b00852_si_001.pdf), the positive feature vanishes. Unfortunately, this occurs only when the Slater--Condon--Shortley integrals are reduced to an unphysically small value of 0.1.

###### Crystal Field Parameters Used To Simulate the L-Edge XAS and XMCD Spectra of Fe^2+^ and Fe^3+^ Systems Presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}

  parameter                                                                        Fe^2+^ system                           Fe^3+^ system
  -------------------------------------------------------------------------------- --------------------------------------- -----------------------------------
  10*Dq* (eV)                                                                      --0.5[a](#t2fn1){ref-type="table-fn"}   --0.4
  Δ (eV)                                                                           2                                       2
  hopping integral (eV)                                                                                                     
  *T*(e) set                                                                       2.1                                     2.1
  *T*(t~2~) set                                                                    2.5                                     2.5
  Slater--Condon--Shortley reduction parameter (%) (*F*~dd~ = *F*~pd~ = *G*~pd~)   1[b](#t2fn2){ref-type="table-fn"}       1[b](#t2fn2){ref-type="table-fn"}

As reported previously.^[@ref86]^

A value of 1 corresponds to 80% reduction of the electron--electron repulsion of the Hartree--Fock calculated value of a free ion.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B--D shows the CR/CL L~2,3~-edge XAS and the corresponding XMCD spectra calculated within a multiplet-based approach. We note that overall, the XMCD spectra are well simulated with the CL channel dominating the L~3~ intensity, as also observed experimentally ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). In addition, the XMCD spectra ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D) clearly show the reduction in L~3~-edge intensity upon reduction to Fe(II), as well as a diminished (albeit not fully absent) L~2~-edge XMCD signal. The generally good agreement with experiment thus allows us to use the multiplet approach in subsequent sections (vide infra) to understand the general trends in the XMCD of the tetrathiolate systems.

3.3. Experimental L~2,3~-Edge XAS and XMCD for the Tetrathiolate Compounds {#sec3.3}
--------------------------------------------------------------------------

With an understanding of the changes that occur upon going from ferric to ferrous tetrachlorides, we now extend our test set to ferric and ferrous tetrathiolates, allowing for the contributions of metal--ligand covalency to the Fe L~2,3~-edge and XMCD spectra to be evaluated. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the experimental Fe L~2,3~-edge XAS and XMCD spectra of the tetrathiolate complexes. Here, the L~3~-edge energy increases by ∼0.7 eV upon oxidation, which while consistent with an increase in effective charge, is ∼0.5 eV smaller than the shift observed for the tetrachlorides. This likely reflects a diminished change in *Z*~eff~ at Fe upon oxidation due to the strong metal--ligand covalency in the thiolate-ligated complexes. In addition, as also observed for the tetrachlorides, the L~3~-edge intensity decreases upon one electron oxidation of the iron atom. Again the changes are less pronounced than what was observed for the tetrachlorides and likely reflects the substantial delocalization of iron 3d character due to the covalent thiolate ligands in both the ferrous and ferric case. The contributions of covalency also appear to be manifested in the XMCD, where the ferric tetrathiolate has XMCD intensity much lower than that observed for the ferric tetrachloride ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). Nonetheless, a similar trend is observed upon reduction to the ferrous complex with the L~3~-edge XMCD intensity decreasing (albeit modestly) and the L~2~-edge XMCD intensity being absent in the ferrous tetrathiolate.

![(A) Experimental Fe L~2,3~-edge X-ray absorption spectra of \[Fe^III^(SDur)~4~\]^−^ (red) and \[Fe^II^(SPh)~4~\]^2--^ (black) complexes. (B, C) Experimental Fe L~2,3~-edge X-ray absorption spectra at 6 T magnetic field with circularly right (solid line) and circularly left (dashed line) polarized light for \[Fe^III^(SDur)~4~\]^−^ (red, B) and \[Fe^II^(SPh)~4~\]^2--^ (black, C) complexes. (D) Experimental Fe XMCD spectra of \[Fe^III^(SDur)~4~\]^−^ (red) and \[Fe^II^(SPh)~4~\]^2--^ (black) complexes. The blue arrow in (A) indicates the shift between the maxima of the L~3~-edge peaks for these complexes.](ic-2017-00852y_0003){#fig3}

![Experimental L~2,3~-edge XAS (A) and XMCD (B) spectra of \[Fe^III^Cl~4~\]^−^ (red) and \[Fe^III^(SDur)~4~\]^−^ (black) complexes.](ic-2017-00852y_0004){#fig4}

Further, it is also of interest to note that the ferric tetrachloride has an L~3~-edge energy that is 0.72 eV higher than that of the ferric tetrathiolate ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A), despite both complexes being Fe(III). This is consistent with previous optical and MCD spectroscopic data, which have shown that the average energy of the d--d transitions decreases by ∼0.8 eV for ferric tetrathiolate relative to ferric tetrachloride.^[@ref67]^ This implies that due to covalency the Racah *B* value is reduced, and hence the average energy position of the multiplets decreases. This is an important caveat to be aware of when utilizing the Fe L-edge energy as a fingerprint for oxidation state, as covalent contributions can further modify the L-edge energy to an extent that approximates a change in redox state.

3.4. Multiplet Simulations of Fe L~2,3~-Edge XAS and XMCD for the Thiolate Compounds {#sec3.4}
------------------------------------------------------------------------------------

Previously ([section [3.2](#sec3.2){ref-type="other"}](#sec3.2){ref-type="other"}) we have shown that a simple multiplet-based approach could capture the general spectroscopic trends for both ferric and ferrous tetrachlorides. In order to more systematically understand the possible origins of the reduced XMCD intensity in the ferric tetrathiolate, we examined the effects of (1) uniformly reducing all Slater--Condon--Shortley integrals, (2) reducing only the d--d repulsion parameters (*F*^2^(dd) and *F*^4^(dd)), and (3) modulating the charge transfer parameters. As presented in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00852/suppl_file/ic7b00852_si_001.pdf) in the Supporting Information, uniform scaling of the Slater--Condon--Shortley integrals actually increases the L-edge intensity and only modestly decreases the XMCD intensity. Similarly, one can scale only the *F*~dd~ integrals ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00852/suppl_file/ic7b00852_si_001.pdf) in the Supporting Information) in an attempt to model the covalent dilution of d character onto the ligand. Here, the desired decrease in the intensity of the L-edge and XMCD spectra is observed, but only for integral values below 20% (\<16% reduction of the Hartree--Fock calculated values for the free ion), which is an unphysical value for the d--d repulsion parameter. We note, however, that similar observations were made by Solomon and co-workers in their analysis of the optical data for ferric tetrathiolate. Their ligand field analysis gave a *B* value of only 22 cm^--1^, which corresponds to an unreasonably large nephelauxetic reduction.^[@ref67]^ Nevertheless, the multiplet-based approach does allow us to understand the general trends. As demonstrated in [section 3.3](#sec3.3){ref-type="other"}, the presence or absence of CT results in a 5-fold change in intensity of both the Fe L-edge and XMCD intensity. While in principle one expects both the tetrachloride and tetrathiolate to have CT contributions to the spectra, more quantitative insights are at this point unfortunately not possible.

3.5. Experimental Fe L~2,3~-Edge XAS and XMCD of the Dinuclear Systems {#sec3.5}
----------------------------------------------------------------------

In the preceding sections, we have evaluated the contributions of oxidation state and covalency to Fe L~2,3~-edge XAS and XMCD spectra of mononuclear iron complexes. These data form the basis for an extension of these approaches to dinuclear (and subsequently cubane) clusters. Here, we note that the crystal field multiplet approach used to evaluate the mononuclear complexes is no longer applicable to the dinuclear clusters, as this approach does not allow one to model the exchange interaction between the two iron sites. Hence, in the subsequent sections, we focus only on the experimental data and the empirical observations that can be made, building on the lessons learned from the mononuclear studies.

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} depicts the Fe L~2,3~-edge XAS spectra of a series of sulfide-bridged iron dimers which include \[Fe^III^~2~S~2~(SPh)~4~\]^2--^, \[Fe^III^~2~S~2~Cl~4~\]^2--^, \[L~2~Fe^III^~2~S~2~\]^2--^, and \[L~2~Fe^II,III^~2~S~2~\]^3--^ (as detailed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The first three complexes are all antiferromagentically coupled diferric *S*~0~ = 0 complexes, while the last is a mixed-valent partially delocalized Fe^II^Fe^III^ complex with an *S*~0~ = 1/2 ground state. It is of interest to note that already for the diferric complexes there are subtle shifts in the L~3~-edge energies, with the \[Fe^III^~2~S~2~(SPh)~4~\]^2--^ L~3~-edge maxima appearing 0.3 eV lower in energy than that of the \[Fe^III^~2~S~2~Cl~4~\]^2--^ complex ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). This observation is consistent with the Fe L~2,3~-edge data for the mononuclear species, which showed that \[Fe^III^Cl~4~\]^−^ had an L~3~-edge to higher energy (by ∼0.7 eV) than the \[Fe^III^(SDur)~4~\]^−^. In the present case, only half of the ligation sphere has been modulated, and hence the effect on the L-edge energy is reduced by a similar amount. This again shows that covalency can modify the Fe L-edge energy in a manner that is similar to a redox event. The present data also demonstrate the latter effect, as the one electron reduction of \[L~2~Fe^III^~2~S~2~\]^2--^ to \[L~2~Fe^II,III^~2~S~2~\]^3--^ yields an ∼0.2 eV shift of the L~3~-edge to lower energy ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B, inset). We note that this shift is smaller than what one might expect from typical fingerprinting estimates, where a shift of ∼1 eV per unit change in average iron oxidation state is predicted.^[@ref85]^ Hence in the present case, one would predict a shift of ∼0.5 eV on going from \[L~2~Fe^III^~2~S~2~\]^2--^ to \[L~2~Fe^II,III^~2~S~2~\]^3--^, since the average oxidation state changes from +3 to +2.5. The fact that only an ∼0.2 eV shift is observed provides further evidence that the presence of covalent ligands diminishes the change in *Z*~eff~ at Fe.^[@ref90]^ This is also consistent with previous observations utilizing Fe 1s core electron spectroscopy.^[@ref90]^ The present data unfortunately indicate that Fe L~2,3~-edge XAS become a less sensitive probe of metal oxidation state as the covalency of a complex increases. It is thus of interest to further investigate the added information content of XMCD spectra for the quantitative evaluation of electronic structure changes in highly covalent complexes.

![(A) Experimental Fe L~2,3~-edge X-ray absorption spectra of \[Fe^III^~2~S~2~(SPh)~4~\]^2−^ (blue), \[Fe^III^~2~S~2~Cl~4~\]^2−^ (green), \[L~2~Fe^III^~2~S~2~\]^2−^ (red). (B) Experimental Fe L~2,3~-edge X-ray absorption spectra of \[L~2~Fe^III^~2~S~2~\]^2--^ (red) and \[L~2~Fe^II,III^~2~S~2~\]^3--^ (black) complexes (B). The inset plot shows the ∼0.2 eV energy difference in the second-derivative spectra (smoothed using the second-order polynomial Savitzky--Golay algorithm in order to obtain better peak definition) in the L~3~-edge maximum between the \[L~2~Fe^III^~2~S~2~\]^2--^ (red) and \[L~2~Fe^II,III^~2~S~2~\]^3--^ (black) complexes.](ic-2017-00852y_0005){#fig5}

However, in the case of the antiferromagnetically coupled dinuclear ferric complexes the *S*~0~ = 0 ground state yields no net XMCD intensity. Measurement for \[L~2~Fe^III^~2~S~2~\]^2--^ ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) clearly demonstrates that this is the case. Upon reduction to \[L~2~Fe^II,III^~2~S~2~\]^3--^, however, a clear negative L~3~-edge XMCD feature is observed with minima at ∼707.5 and ∼708.3 eV. While naively, one may wish to think of this spectrum as a simple sum of the monomeric ferrous (*S*~0~ = 2) and ferric (*S*~0~ = 5/2) sites (as shown in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00852/suppl_file/ic7b00852_si_001.pdf) in the Supporting Information), such a simple model does not properly capture the coupling between the two irons, as also previously noted by Cramer et al.^[@ref91]^ Further, it is important to note that the overall XMCD intensity is reduced by almost 1 order of magnitude relative to the mononuclear thiolates, reflecting the lower total spin of the dinuclear clusters (*S*~0~ = 1/2).

![Experimental Fe XMCD spectra of \[L~2~Fe~2~S~2~\]^3−^ (black) and \[L~2~Fe~2~S~2~\]^2−^ (red) complexes.](ic-2017-00852y_0006){#fig6}

3.6. Experimental Fe L~2,3~-Edge XAS, XMCD, and Fe Kα Pre-Edge XAS of the Heterometal--Iron--Sulfur Systems {#sec3.6}
-----------------------------------------------------------------------------------------------------------

As stated in [section 1](#sec1){ref-type="other"}, the goal of the present systematic series of measurements was to assess the information content of Fe L~2,3~-edge XAS and XMCD spectra for evaluation of the electronic structure of nitrogenase. As such, we have chosen two cubane model complexes, \[MoFe~3~^II,III,III^S~4~\]^3+^ and \[VFe~3~^II,II,III^S~4~\]^2+^, which previous spectroscopic studies have shown to be good electronic structural analogues for FeMoco and FeVco, respectively.^[@ref8],[@ref9],[@ref59]−[@ref63]^ As indicated in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, both complexes are *S*~0~ = 3/2 total spin systems, indicating that there should be observable XMCD intensity. On the basis of previous magnetic Mössbauer studies the oxidation states are also known, with the \[VFe~3~^II,II,III^S~4~\]^2+^ cubane possessing the greater complement of reduced iron (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).^[@ref62]^ As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A, one immediately sees that the changes in the Fe L~2,3~-edge XAS spectra are very subtle. This emphasizes the point also made above that for highly covalent complexes the changes in the Fe L-edge spectral energies become very small and the method is hence intrinsically less sensitive to changes in redox state. It is thus of great interest here to note that the XMCD ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B) shows much clearer changes between the two cubane model complexes. Using the metrics established for the mononuclear complexes, one notes that both the decrease in the L~3~-edge intensity and the very weak L~2~-edge intensity in the \[VFe~3~^II,II,III^S~4~\]^2+^ cubane is consistent with a greater complement of reduced iron. It is important to note that the electronic structural changes in the \[MoFe~3~^II,III,III^S~4~\]^3+^ and \[VFe~3~^II,II,III^S~4~\]^2+^ cubanes could not be assessed on the basis of the Fe L~2,3~-edge XAS spectra alone, and thus these data clearly highlight the added information content of XMCD.

![(A) Experimental Fe L~2,3~-edge X-ray absorption spectra. (B) Fe XMCD spectra of \[VFe~3~^II,II,III^S~4~\]^2+^ (black) and \[MoFe~3~^II,III,III^S~4~\]^3+^ complexes.](ic-2017-00852y_0007){#fig7}

In this present context, it is also of interest to compare the Fe L~2,3~-edge XAS data to previously published Fe Kα-detected HERFD XAS data in the pre-edge region.^[@ref19]^ Here one notes that the 1s to 3d pre-edge energies for the \[MoFe~3~^II,III,III^S~4~\]^3+^ and \[VFe~3~^II,II,III^S~4~\]^2+^ cubanes are at almost identical energies ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, inset). This further emphasizes the need for a magnetic measurement such as XMCD to distinguish the subtle changes that occur in the electronic structures of these highly covalent heterometal cubane clusters. Interestingly, however, the Fe Kα-detected HERFD XAS spectra do show changes to higher energies. This includes the observation of a metal to metal charge transfer (MMCT, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} inset) feature at ∼7115 eV in the \[MoFe~3~^II,III,III^S~4~\]^3+^ cubane, which is not clearly resolved in the vanadium analogue. No similar MMCT feature can be clearly assigned at the Fe L~2,3~-edge XAS spectra. This is likely attributed to the more complex multiplet structure engendered by the 2p core hole, which makes the assignment of discrete "3d" and "MMCT" envelopes prohibitive. While naively one may generally think that Fe L~2,3~-edge XAS spectra should provide higher resolution spectra due to the longer 2p core hole lifetime, the added complexity due to 2p spin--orbit coupling may in fact limit the information that can be extracted. Further, we note that while neither the Fe L-edge 2p to 3d or Fe Kα-detected HERFD XAS 1s to 3d transition energies shift between the two cubane complexes, the Fe Kα-detected HERFD XAS spectra do show a shift in the onset of the rising edge and in the intensity of the white line at ∼7125 eV (as marked in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). This shows that, while transitions to bound states may not effectively probe the changes in *Z*~eff~ at Fe, the rising edge energies can still provide information as to the change in the 1s core ionization energies. Hence, the present data argue that in some cases Fe K-edge HERFD XAS data are as informative (or perhaps even more) as the Fe L~2,3~-edge XAS data. In closing, however, we emphasize that the largest spectral differences are observed in the XMCD data, emphasizing the potential this method has for providing more detailed electronic structural insights in complex metal clusters.

![Experimental Fe Kα-detected high energy resolution fluorescence detected X-ray absorption spectra of \[VFe~3~^II,II,III^S~4~\]^2+^ (black) and \[MoFe~3~^II,III,III^S~4~\]^3+^ (red) complexes. The inset shows an enlargement at the pre-edge region marked with a gray rectangle. The blue arrows point toward the rising edge and white line onsets as well as indicate the MMCT feature. Adapted from ref ([@ref19]), published by The Royal Society of Chemistry. See open access article: <http://pubs.rsc.org/en/content/articlehtml/2017/dt/c7dt00128b>.](ic-2017-00852y_0008){#fig8}

4. Summary {#sec4}
==========

Herein a systematic Fe L~2,3~-edge XAS and XMCD study has been presented on molecular iron model complexes, spanning from simple mononuclear to dinuclear clusters and finally to heterometal-incorporated cubane clusters, which serve as synthetic analogues for the FeMoco and FeVco active sites of molybdenum and vanadium nitrogenases. On the basis of our studies of monomeric model complexes, the primary XMCD spectral signatures, which result upon reduction of a high-spin ferric site to a high-spin ferrous site, have been established. Namely, the L~3~-edge XMCD intensity is reduced and the L~2~-edge XMCD intensity is effectively absent. In highly covalent complexes, the redox-dependent changes become much smaller; however, it is still possible to obtain insight into electronic structural changes by comparing complexes with similar ligation environments. The XMCD spectra for mononuclear tetrachlorides are readily modeled within a multiplet-based approach. In the case of the tetrathiolates, however, an unreasonable reduction in the d--d repulsion parameters is required to model the experimental spectra. This parallels a previous ligand field analysis of the optical data in which unreasonably small *B* values were needed to model the data.^[@ref67]^ The present study thus motivates the need for further theoretical developments to more quantitatively understand XMCD spectra. We note that while restricted open shell configuration interaction with singles (ROCIS) approaches have shown great progress in the calculation of transition metal L~2,3~-edge XAS spectra, the extension of these approaches to XMCD has not yet been possible.^[@ref88],[@ref92]^

Building on lessons learned from the mononuclear systems, we extended the XMCD studies to both dinuclear and heterometal-incorporated cubane clusters. Importantly, on the basis of the XMCD spectra, we were able to show evidence for an electronic structural change between \[MoFe~3~^II,III,III^S~4~\]^3+^ and \[VFe~3~^II,II,III^S~4~\]^2+^, which could not be determined on the basis of the Fe L~2,3~-edge XAS data alone. The present data form an important foundation for future XMCD studies of molecular complexes, particularly for the study of complex cofactors such as the FeMoco and FeVco active sites of nitrogenase. As nitrogenase contains both the FeMoco (or FeVco) cluster and an additional 8 Fe P-cluster, the study of the cofactors is often limited by the abundance of iron. An advantage of XMCD in going forward with such studies is that the all-ferrous P-cluster has an *S*~0~ = 0 ground state, which thus will not contribute to the XMCD spectral intensity. Hence, this should further enhance the electronic structural information that can be obtained from XMCD spectroscopy. Perhaps the greatest challenge in performing such experiments is the introduction of an enzyme sample into ultrahigh vacuum. Previous studies have utilized thin films^[@ref57],[@ref85],[@ref93]^ or lyophilized proteins;^[@ref94],[@ref95]^ however, recent developments with in-vacuum liquid jet systems^[@ref96]−[@ref99]^ should enable a greater range of applications.

These studies are ongoing in our laboratories and show promise for furthering the quantitative electronic insight that XMCD can bring to complex bioinorganic active sites.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.inorgchem.7b00852](http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.7b00852).Figures and a table as described in the text ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00852/suppl_file/ic7b00852_si_001.pdf))
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